Introduction
Firefly luciferin is one of the main bioluminescence substrates originating in insects. 1 As the most studied bioluminescence reaction, visible light could be produced via enzymatic oxidation of the firefly molecule, making it well suited for monitoring biological processes in vivo and in vitro. 2−5 The purification and crystallization of firefly luciferin was reported by Green and McElroy 6 and Bitler and McElroy. 7 Shortly afterwards, more detailed facts were published by White et al., 8, 9 Seto et al., 10 and Toya et al. 11 The quantum yield of the bioluminescence reaction in firefly luciferin was measured by Seliger and McElroy. 12, 13 Today, despite numerous efforts and considerable progress achieved in this area, only one protocol is followed: 2-cyano-6-hydroxybenzothiazole is obtained from 2-cyano-6-methoxybenzothiazole by replacing methoxy with a hydroxy group in the presence of pyridinium chloride at a high temperature. Then firefly luciferin is synthesized as a yellow solid via the condensation reaction of 2-cyano-6-hydroxybenzothiazole with cysteine ( Figure 1 ). 14 However, the synthesis of 2-cyano-6-hydroxybenzothiazole via this strategy has some drawbacks. For example, these courses remain low-yielding and unnecessarily time-consuming because of the multistep nature of the chemical reactions. It is thus uneconomical and impractical for large-scale synthesis. The widespread classical cyanation methods to prepare aromatic nitriles are Rosenmund-von Braun 15 and Sandmeyer reactions, 16 in which aryl diazonium and aryl halides are applied as starting materials ( Figure   2 ). Although these methods are widely exploited, they suffer from some challenges including harsh reaction conditions, metal waste production, and low yields. Considering the mentioned challenges, the cost-effective and fast synthesis of 2-cyano-6-hydroxybenzothiazole under mild reaction conditions received considerable interest from our team. Herein, we report on the cyanation of diazonium tetrafluoroborate salt of 2-amino-6-hydroxybenzothiazole for the synthesis of 2-cyano-6-hydroxybenzothiazole via the Cu-catalytic Sandmeyer cyanation reaction.
17
From the environmental and economic perspectives, aryl diazonium tetrafluoroborate salts are green and efficient substrates.
18 These compounds were identified as being easily accessible and quite stable. 19 We demonstrated that cyanation proceeds high efficiently and economically by the aid of the Cu(I)/Cu(II)/N,N,N',N'-tetramethylethylenediamine.
20
Moreover, to give complete information regarding the structural characteristics and the fundamental vibrational modes of 2-cyano-6-hydroxybenzothiazole, theoretical studies were performed using Gaussian 09 software. 21 Density functional theory (DFT) calculations were performed and the structural parameters were calculated with the B3LYP 6-311 ++G(d, p) method. 22 Time-dependent density functional theory (TD-DFT) was used to investigate the properties of electronic absorption. Electronic properties such as excitation energies, oscillator strength, wavelengths, the highest occupied molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO) energies were assessed. The 1 H NMR isotropic chemical shifts were computed and the assignments were compared with the recorded values using the gauge-including atomic orbital (GIAO) approach.
Results and discussion
Preliminary surveys revealed that the instability of diazonium salt in the classic Sandmeyer cyanation reaction is a major drawback. 23 For this reason, it is essential to proceed the cyanation condition in a single step in the same medium. Consequently, this process complicates the product separation. For practical and economic reasons, we are interested in diazonium tetrafluoroborate salt of 2-amino-6-hydroxybenzothiazole as an efficient substrate because of its great advantages. It has a highly reactive nature under mild reaction conditions, it is relatively easy to separate and store as a solid, and it shows significant stability over long periods of time.
24,25
Initially, 2-amino-6-hydroxybenzothiazole as a starting material was synthesized from 1,4-benzoquinone and thiourea. 26 It proceeds through a hydrochloride intermediate, which is subsequently cyclized to the 2-amino-6-hydroxybenzothiazole. By neutralizing with sodium acetate, 2-amino-6-hydroxybenzothiazole as a free base is obtained (Figure 3 ). Next, we scrutinized a suitable method for converting the 2-amino-6-hydroxy benzothiazole into the related diazonium tetrafluoroborate salt. In these contexts, a variety of processes were reported.
27−29
The general diazotization procedure followed in the current investigation is summarized in Figure 4 . As shown, the process of tetrafluoroborate diazotization was carried out with NaNO 2 at 0°C in the presence of HBF 4 (48%). It proceeded successfully within 1 h and the expected diazonium tetrafluoroborate salt formed with a yield of 65%. It was fully characterized by FT-IR, 19 F NMR, and 1 H NMR spectroscopy and by liquid chromatography-mass spectrometry (LC-MS).
Generally, temperature is one of the main factors that influence the stability of diazonium tetrafluoroborate salts. 31 Therefore, to examine the thermal stability of the newly obtained diazonium salt, differential scanning calorimetry (DSC) and thermogravimetric (TG) analyses were conducted in argon atmosphere from ambient temperature up to 800°C at a heating rate of 10°C.min −1 ( Figure 5 ; Supplementary data). As the results of TG analysis indicate, initial minor mass changes observed under 100°C were related to the loss of residual water. As the heating process continued, the maximum rate of thermolysis was observed between 300 and 600°C and was completed particularly within 50 min after the start of the sample heating. The decrease of the salt weight started at approximately 200°C, as confirmed by the DSC peak. Our further TGA investigation clearly revealed that the complete decomposition of diazonium tetrafluoroborate salt of 2-amino-6-hydroxy benzothiazole would proceed by a two-step process. We may consider that this salt, when heated, releases a nitrogen molecule resulting in heterolytic cleavage and a subsequent Schiemann-type reaction 32 ( Figure 6 ). As a consequence, this newly found salt showed good thermal stability at ambient temperature. 
Cyanation procedure
The effects of significant factors such as additive (phase transfer), copper salt, ligand, and counterion on the reaction efficiency were investigated. Since air inhibited the cyanation, 33 experiments were conducted in a sealed vessel under argon. We initiated investigations by scrutinizing the catalytic activity of copper salts.
In this study, we demonstrated that they play a critical role in promoting the cyanation reaction. Primarily, CuBF 4 .6H 2 O was selected as an efficient catalyst. It was previously introduced as a suitable catalyst in some studies.
34 When a CH 3 CN solution containing 0.1 mmol CuBF 4 .6H 2 O, 1 mmol of CuCN, 0.1 mmol TMEDA, and 1 mmol diazonium salt was stirred at room temperature for 1 h, 2-cyano-6-hydroxybenzothiazole was observed in 90% yield ( At the next stage, the role of TMEDA as a ligand was investigated. Free cyanide ions could potentially disable the copper catalyst. Further investigations described that the catalyst deactivation in classic Sandmeyer cyanation reactions was caused by the transferring of a copper catalyst to inactive species such as Cu(CN) n−1 n and Cu(CN) n−2 n . 35 Interestingly, more recently, to improve the cyanation conversion, several catalyst systems were developed. Accordingly, these systems usually have the catalytic quantities of a base, cuprous salts, and bidentate ligands such as N, N'-dimethylethylenediamine (DMEDA), 36 1,10-phenanthroline (phen), 37 ethylenediamine (en), 38 and TMEDA. In the present work, we used Cu(I)/Cu(II)/N,N,N',N'-tetramethylethylenediamine as an efficient catalyst.
It is noteworthy that 0.1 mmol TMEDA was necessary to maintain the high yield. Furthermore, it could play dual roles as ligand and base. When the ligand concentration was switched to 0.05 mmol, the production yield diminished significantly ( Table 2 , entry 4), even in the presence of a catalytic amount of an inorganic base such as K 2 CO 3 . However, without any ligand, the product yield did not exceed 35% (Table 1 , entry 6). We finally scrutinized the role of dibenzo-18-crown-6 and myristoyl trimethylammonium bromide (MTMAB)
as a phase transfer agent. Generally, crown ether derivatives such as 18-crown-6, quaternary ammonium, and phosphonium salts 41 are common additives in Cu-catalyzed cyanation reactions. For example, when the cyanation reaction was carried out in the presence of 1 mmol dibenzo-18-crown-6, 2-cyano-6-hydroxybenzothiazole was obtained in 90% yield ( Table 2 , entry 1). In the next experiment, when 1 mmol MTMAB was used the product was generated in 72% yield ( Table 1 , entry 8). However, without any phase transfer, the cyanation reaction proceeded with a moderate yield of 60% (Table 1 , entry 2).
The cyanation yield fundamentally depended on the reaction time. The optimal cyanation time was 1 h. However, prolonged cyanation times did not improve the product yield.
Mechanism
The Cu-catalyzed Sandmeyer reaction is well recognized as a model of the radical process. 42 It would be sensible to suppose that our reaction proceeds along a similar pathway. It progressed via a single-electron transfer mechanism. As seen in Figure 7 , in the first step, by transferring one electron from the copper center to the diazonium tetrafluoroborate, the nitrogen gas was released and aryl radical (B) was generated slowly.
Subsequently, the aryl radical was substituted by the cyanide ions, and 2-cyano-6-methoxybenzothiazole (C) was produced, with synchronized electron transfer from Cu(I). This mechanism could be verified by addition of the radical quenchers such as p-benzoquinone. 43 In the presence of the radical trapping reagents no product formation was detected. 
Computational studies
The optimized geometric structures, vibrational frequencies, zero-point energies, and dipole moments according to the two different conformations of 2-cyano-6-hydroxybenzothiazole were calculated by B3LYP 6-311 ++G(d, p) basis parameters of the DFT method.
Molecular geometry
The 2-cyano-6-hydroxybenzothiazole molecule has a planar geometric structure represented by C1 symmetry, which consists of identity E and 42 fundamental modes of vibrations. The two possible geometries of I and II were optimized. The relative energy between conformers I and II was significantly low and it had a value of~0.46 kcal mol −1 (Table 2 ). Evidently, conformer I was more stable than conformer II. The optimized geometrical structures of conformers I and II are presented in Figure 8 . The orientation angles of O-H for conformers I and II are 110.6 and 249.6, respectively. 
Structural properties
The calculated parameters including the bond lengths, bond angles, and dihedral angles for conformers I and II were obtained from the B3LYP/6-311++G(d, p) method and are presented in Tables 3, 4 , and 5, respectively.
The results obtained for conformers I and II are very similar. From the structural data shown in Figure  S1 , the longest bond distance observed in the benzene ring is C8-C9; this is caused by the fusion of thiazoline moiety at these carbons. By comparison, all bond distances of the thiazoline ring are significantly different from each other, probably due to the variation of electronegativities of the atoms. The longest length is S1-C2 (1.78 Å), while the C2-N12 distance is the shortest (1.29 Å). Such differences are presumably due to the ring strain.
The S1-C2 bond indicates the pure single bond character. The C13-N14 distance is 1.15 Å, while the C2-C13 distance is 1.42 Å. All the C-H bond distances of the benzene ring are 1.08 Å, while the O-H bond distance is 0.96 Å.
The observed distortion in the bond parameters of the thiazoline is more than that of the benzene ring. The minor variation of the bond angle in the phenyl ring implies that the influence of the hydroxy substituent on the skeletal molecular parameters of 2-cyano-6-hydroxy benzothiazole is negligibly small. As is evident, in the thiazoline ring the bond angle C8-S1-C2 (88.05°) is smaller than the bond angle of C3-N12-C2 (110.79°). This significant variation is due to the higher electronegativity of nitrogen than sulfur. Generally, the variation in bond angle depends on some parameters including the electronegativity of the central atom, the existence of a lone pair of electrons, and the conjugation of the double bonds. 44 The decrease in the electronegativity of the central atom is directly proportional to the decrease in the bond angle. 
The energy gap between HOMO and LUMO
The energies of the important occupied molecular orbitals of 2-cyano-6-hydroxybenzothiazole including HOMO and HOMO-1 and the lowest and the second lowest unoccupied orbitals such as LUMO and LUMO +1 were calculated by considering ethanol solvent effect ( Figure 9 ). Moreover, the UV/Vis spectrum of the molecule was also recorded in the ethanol solvent and the experimental λ max values were determined and are presented in Table 6 . The strong peak observed at 312 nm is related to the π → π * transitions and the other weak band at 227 nm is due to n → π *. Their calculated values are 325.58 and 221.56 nm, respectively.
The second-order perturbation theory analysis of the Fock matrix in natural bond orbital (NBO) basis was applied to assign the energy transitions between the filled NBOs and the empty ones. A summary of the preferred interactions including all lone pair-bond pair interactions and bond pair-bond pair (only interactions with stabilization energy greater than 4 kJ mol −1 ) is provided in Table 7 .
Based on Table 7 , the most important electronic transitions in 2-cyano-6-hydroxy benzothiazole are π → π *, n → π *, and n → σ * intramolecular charge transfers. In this molecule, the lone pair donor orbital, the n s → π * N C interaction between the S1 lone pair of the thiazoline cycle, and the antiperiplanar N12-C2
give a strong stabilization of 25.46 kcal mol −1 . The strongest π → π * has 21.56 kcal mol −1 for the BD(2)C4-C5 → *(2)C6-C7 charge transfer, which is related to the benzene π systems. The molecular orbitals show that the electron density in the HOMO is mostly centered on the heterocyclic moiety, while in the LUMO it is predominantly located on the benzene ring.
2.3.4.
1 H NMR spectral studies The observed and calculated 1 H-NMR spectra of the 2-cyano-6-hydroxybenzothiazole are given in Table 8 . The computed NMR shifts (solvent = DMSO) for C-H protons of the benzene ring against the experimental values (in DMSO at 298 K), which is depicted in Figure 10 , is a good correlation. However, the calculated isotropic shift of the OH proton in DMSO is not satisfactory compared to the experimental value (9.3 ppm).
Conclusion
In summary, 2-cyano-6-hydroxybenzothiazole was prepared by the cyanation of diazonium tetrafluoroborate salt of 2-amino-6-hydroxybenzothiazole via catalytic Sandmeyer cyanation. The advantageous features of this protocol include a novel synthesis of 2-cyano-6-hydroxybenzothiazole more economically under mild reaction conditions, whereas harsh reaction conditions are needed for producing it from the parent 2-cyano-6-methoxybenzothiazole. Moreover, the progress of the cyanation followed more easily and efficiently by applying 
Experimental

Material
All chemicals and solvents were supplied by Merck (Germany).
Analytical methods
FT-IR spectra were recorded on an Alpha Centauri FT-IR spectrophotometer (Bruker, Germany). UV-Vis spectra were measured on a Beckman Coulter DU800 spectrometer. The 1 H NMR spectra were determined with a Mercury-300 MHz instrument (Bruker, Germany). The 19 F NMR spectra were measured with a Mercury-500 MHz instrument (Bruker, Germany). TG/DSC graphs were measured with a Pryis Diamond instrument (PerkinElmer, USA). The mass spectra were obtained from an Agilent 575 mass spectrometer with a quadrupole analyzer. The GS-MS spectra were obtained from an Agilent GC (7890)-MSD (5975C). The LC-MS mass spectrum was detected with an Agilent 641 for ESI.
Syntheses of 2-amino-6-hydroxybenzothiazole
Thiourea (7.6 g; 0.1 mol) was dissolved in 200 mL of ethanol and then 9 mL of concentrated HCl was added dropwise. After stirring for 30 min, a solution of 1,4-benzoquinone (21.6 g, 0.2 mol) in ethanol (400 mL)
was added dropwise and stirring continued for 24 h at 25°C. Then the solvent was eliminated under reduced pressure. The residual solid was washed with cold ethanol until TLC monitoring showed completion of the reaction. The prepared 2-amino-6-hydroxybenzothiazole hydrochloride salt was dissolved in a small amount of water, filtered, and acidified with HCl to afford 15.2 g (75%) of white crystalline solid.
To obtain the 2-amino-6-hydroxybenzothiazole as a free base, the salt was dissolved in deionized water and neutralized by sodium acetate. The product was purified by recrystallization from an ethanol-water mixture to afford straw-colored needles. 
Synthesis of diazonium tetrafluoroborate salt of 2-amino-6-hydroxybenzothiazole
An aqueous solution of HBF 4 (48%, 2.5 mL) was added to the cold slurry of the 2-amino-6-hydroxybenzothiazole (1.0 equiv.) in water (3 mL). Then, to this mixture, a solution of sodium nitrite (1.1 equiv.) in water (1.5 mL) was added dropwise. Afterwards, the reaction mixture was stirred for 1 h at 0°C and then permitted to warm at 25°C. The excess of oxidant was eliminated by the addition of urea. The resulting diazonium tetrafluoroborate salt was separated and dissolved in a minimum quantity of acetone.
Consequently, by adding diethyl ether, the dissolved salts precipitated, brown in color. The product was washed with ice-cooled HBF 4 (10 mL), H 2 O (20 mL), and EtOH (10 mL). The obtained diazonium tetrafluoroborate salt (1.8 g) was dried under vacuum and stored at 0°C until required. Abs.
wavelength (cm -1 ) Figure S6 . UV-Vis spectra of 2-cyano-6-hydroxy benzothiazole. 
Log (ε)
Wavelength (nm) 
